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NOTICE

The contents of this report reflect the
views of the Office of Transportation Lab-
oratory which is responsible for the facts
and the accuracy of the data presented
herein. The contents do not necessarily
reflect the official views or policies of
the State of California or the Federal
Highway Administration. This report does
not constitute a standard, specification,
or regulation.

Neither the State of California nor the
United States Government endorse products
or manufacturers. Trade or manufacturers’
names appear herein only because they are
considered essential to the object of this
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INTRODUCTION

The Ca]ifofnia Department of Transportation has for many
years relied upon the R-value test as the primary means
of evaluating the engineering properties of Time treated
sofls. Although the R-value does indicate improvements
in stability through modification of the soil with 1ime,
it does not provide an effective method of evaluating
the cémenting reaction which occurs. As a result, all
lime treated soils used in highway construction have
been assigned the same structural design equivalency
factor despite the extremely broad range in cementing
which does occur with different Time-soil combinations.

Previous studies by the California Transportation
Laboratory and several othar researchers indicate that an
unconfined compressive strength test would be much more
effective for evaluating the reactivity of a Time-soi]
than the R-value -test. Since the cementing reaction is
relatively slow and may continue over a period of several
months, the first issue to be resoived was to establish

a laboratory curing procedure which could be used to
reliably predict the strengths that could be exbected to
develop in the roadway.

The second issue requiring investigation and resolution
was a means of incorporating the strength of specific
Time treated materials in the structural section design
formula in lieu of assuming the same strength for al]
cases, Core samples from existing California roads
constructed with Time treated sojls have revealed
unconfined compressive strengths ranging from 100 to 2000
pPsi (689 to 13,790 kPa). Variations of this magnitude
should be taken into consideration in the design of thé
roadWay structural section.

www . fastio.com ) O


http://www.fastio.com/

B ':ﬁ Along with these two issues was a need to gather more

g ' information on the relative cementing reaction which
occurs when different lime products are used. In
California, the previously required finely ground high
calcium hydrated Time is no longer readily available
in the gquantities necessary for numerous large road
construction projects. In its place, high calcium
quicklime products in various particle sizes are being
marketed. Although use of these products was approved
prior to compfetion of this project, their acceptance
was based largely on the work reported herein..
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CONCLUSIONS AND RECOMMENDATIONS

. 1. The unconfined compressive strengthlof 1 ime treated
soils is affected by both the particle size of the lime

. and the type of 1ime. Each combination of soil and lime

' has an effect on the water demand, the compactability,

and the ultimate strength of the material. For these
reasons it is essential that design tests in the labora-
tory be conducted using the same lime product, compaction,
and soil that will be used during construction.

2, It is a well established fact that the cementing
reaction of a lime treated soil may c@ntinue over a
period of many months. It is conc1udﬁd from this study,
however, that the long term strengthjgain will generally
be relatively small for lime-soil cohbinations which
develop unconfined compressive strengths of less than
300 psi (2068 kPa) after being cured for 7 days at 110°F
(43°C). It is also concluded that the chance for a
decrease in strength (degradation) due to exposure to
free water is much greater for materials which develop

7 day strengths of less than 400 psi (2758 kPa) than

for materials which develop 7 day strengths greater than
400 psi (2758 kPa). It is therefore recommended that
all lime treated soils to be used in the structural
section attain a 7 day unconfined compressive strength
of not less than 400 psi (2758 kPa).

3. The unconfined compressive strength of lTime treated
soil test specimens cured at 110°F (43°C) for seven days
provides a fair indication of the strength that can be
expected when the same material has been cured for 2 to
3 months at 72°F (22°C). This is assumed to also be
indicative of the strength that can be expected within

ClihPDF - www .fastio.com
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“ factor equal to

" the first several weeks after placement of the treated

mater1a] in a roadway structura] section. It is
recommended that the unconfined compressive strength
of 1aboratory prepared test specimens be used to
evaluate the structural value of lime treated soils

in lieu of the R-value test. Because of the extremely
wide range in strength developed by different 1lime
treated soils, it is also recommended that the California
Department of Transportation structural section design
procedure be modified to take ful] advantage of the
strengths which do develop. For those materials which
meet the minimum strength requirement of 400 psi (2758

kPa) this can be accompiished by using a gravel equivalency
(.9 + uncoenfined compressive strength (ps1))
1000

for the treated soil.

4, The short term sand bath method of exposing test
specimens to free water does not effect1ve1y identify
treated soils which are subject to softening due to
continuous exposure to: water,

www . fastio.com
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IHPLEMENTATION

The tentative unconfined compreSsive strength test used
in this study is being preparededr adoption as a
California Test. Distribution of the test will be made
when publication is completed; S

A proposed Standard Special Provision is being submitted
to the Specifications Committee with the recommendation
that lime treated soils have a minimum strength of 400
psi (2758 kPa) when included in the hiaghway structural
saction. ' - '

A change in the California Structural Section Design
Procedure which will prdvide for a variable gravel
equivalent factor for lime treated material, depending
upon the design strength, is being recommended to the
0ffice of Planning and Design.

Permitting the use of alternate types of Time was
implemented in the January 1978 Standard Specifications
of the State of California Department of Transportation.

www fastio.com
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" BACKGROUND. INFORMATION

- Acceptance of the use of lime treated materials in high-

way construction has 1ncreased'steadi]y'in California

since the construction of two experimental roadway sections
in 1948(1). Approximately.800 Tane miles of highway have
been constructed in Califofnia since 1968 using lime
treated materials as either a base or subbase. This
estimate does not include additional hundreds of miles

of Time treated roadﬁayszconstructed by cities and counties
throughout the State. i :

" During the early years of Ca]ifornid's experience with
lime treatment, there was very 1ittle contrel over the

quality of the~]ime or the structural guality of the

-completed lime-soil mixture. Prior to 1959, lime was

designated simply as “hydrated 1ime" or, in many instances,
"agricultural 1ime". Quality control of the lime amounted

-to accepting the product delivered to the project. There

were also no specifications for the quality of the lime
treated material. . Most of these early jobs were considered
as research projects and the effacts of the treatment with
lTime were evaluated on the basis of decreasad plasticity

‘and'increased-stab11ity.

As experience increased, specifications were adopted and

~ the quality of the lime came under some controls. Through

the years, the requirements for the 1ime evolved from

~allowing only a finely ground; high calcium hydrated 1ime

to the present California standard specifications which

‘also permit the use of coarse ground, high calcium quick~
1ime and dolomitic quicklime.

wAvw.fastio.com o e e e e e e e e e e e e e e e -


http://www.fastio.com/

ClibhPDF -

www . fastio.com

During this same period of time, the R-value test(2) was
used to evaluate the effectiveness of lime treatment and
to determine the appropriate amount of lime to be added
to a soil or aggregate. It has been recognized by the
Caltrans Laboratory for some time, however, that the
R-value test has inherent limitations which greatly
reduce its effectiveness in evaluating the quality of
lime treated materials. To explain these Timitations

of the R-value test, it is necessary to first discuss
briefly the reactions that take place when lime is added
to a soil. '

At Teast two separate primary reactions occur when 1lime
is mixed with certain clays., First, there is an ion
exchange between the lime and soil which causes a
flocculation and agglomeration of the clay particles.
This first reaction begins almost immediately after
mixing the Time with soil and water and is primarily
responsible for the beneficial changes in plasticity,
shrinkage, and workability characteristics{3). The
second primary reaction to occur, if it occurs, is a
pozzolanic reaction which cements the soil particles
together, forming a relatively impermeable lime-soil
1ayer(i). This reaction is primarily responsible for
the marked strength increases noted for many lime-soil
mixtures, but it is much slower developing than the fon
exchange. In some cases, significant cementing may
continue to occur over a period of many months depending
on the type and amount of pozzolan in.the soil.

Because the R-value test is a re]atively short-term test,
requiring only 2 days of elapsed time after combining the
lime and soil to complete the test, it is possible that

only the effects of the ijon exchange are reflected in the
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“test results. 1f, on the other hand, cementing does

begin to occur before the R-value test is completed, the
test does not have sufficient range to effectively evaluate
the extent of this cementing.

The effective range of the R-value test determination is
from about 5 for a very plastic clay to 85 for a crushed
aggregate base rock. Values greater than 90 are not
horma]]y achievable or meaningful. When 1ime is added

to a Tow quality s0il, the flocculation and agglomeration
alone may be sufficient to change the soil's stability
characteristics enough to achieve an R-value of 85 or

more. Thus it is doubtful that the R-value test accurately
reflects the structural value of 1ime treated . material that
has been in place in the roadway for an extended period of
time. "

A review of the'performahce of 1ime treated roadways in
California(8) revealed materials that had achieved uncon-
fined compressive strengths as‘high as 2000 psi (13,790 kPa).
Other materials had not cemented at all, and in some cases
the treated material had no more stability than it .had

before treatment, yet pre-construction R-value tests indicated
that each of the materials could be improved to base quality
(minimum R-value of 78) by treatment with lime. In cases
where high compressive strengths are achieved, the design
procedure does not take full advantage of these structurail
qualities. In some other-cases, it appears that the R-value
design procedure'gives too high a value to materials that

may actually lose some of their stability after a period of
time.

For these reasons, the R-value test was no longer considered
by the Transportation Laboratory to be appropriate for
evaluating the structural quality of lime treated materials.
It was, therefore, considered necessary to develop or

8
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implement 2 test method which could more appropriate]y
reflect the higher ultimate strengths and determine the
amount. of 1ime necessary to insure their occurrence.

One test which had been used by the Transportation Laboratory
was an unconfined compression test. Studies by the State

of I111inois(6) 1nd1cated that 1ime and cement stabilized
plastic sgils are similar in flexural strength, modulus

of elastiCity, failure strains and Poisson's ratio. 1t
was,'therefore,‘assumed that applicabie gravel Factors

could be estimated for lime treated soils (in addition to
cement-treatEd-materials) on the basis of compressive

strength.: =
The primary objectives of this study were:

1. To develob:an improved procedure for assigning an
appropriate Gravel Factor for use in the design of roadways
which incorporate 1ime treated materials,

2. To verify the relationship between an accelerated
testing procedure {selected for design use) and the
long-term "field" strength of lime treated materials, and

3. To determine the relativé cementing reaction of high
calcium quicklime and high calcium hydrated lime products
having various particle size distributions. '

ClihPDF - www .fastio.com
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7 MATERTALS Ang TESTING

' Materi;]s

taken from cut Sections within the right of way of existing
roadways, Eaéh,‘however, representad material that has or
coquihave;been used in the construction of 3 State Highway
or;Cohhty,Road. Figure 1 shows the approximate Tocation of
each 36iT'sampIe.

Thefbﬁysical Properties of each material are summarized
in Table~1. Chemical ang mineral content analyses werea
also made an @ach soil and the results are recorded 1ip
Tables 2 ang 3,

It'cén be seen in these three tablas that a wiga variety
0Ff 50iTs ara Fépresented. 471 of the tested Soils with

the exception of sample No. 4 are, by definition(7), "Si7t-
c]ay'materia]s" in the A-4, A-§, A~7-5, and A-7-6 s0i1s
groups.’ Sample No. 4 Was classifiag a8s A-2-4, "granularp
material", pyt bordered on the A-g c]assification. The

Samples of both quicklime and hydrataed lime were Obtained
from: three Suppliers 1ip California. To minimize any

”composite Samples ware Prepared by blend1ng togethar equal

Portions fyrom each suppliep, Blending the Times 1ip this
Way presented No particylar Problems Since each of the
Times met the calciuym hydroxide content requirements of

~ the Californiga specifications. However, hydrated Time

10
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TABLE 1
Physical Propertias-of Tasted Soils

Seil Sample do. 1 2 3 4 5 5 7 2 5 1o 11 12
. o

s‘?:;?:"ﬁ:f.’ 4 - 100 100 160 o6 100 100 100 1060 100 160 100 100

8 0 99 89 99 100 97 100 100 99 99 9% 100

16 ' 99 97 99 97 99 93 100 99 93 93 96 99

30 : B 7 97 & 99 91 93 95 94 99 89 99

50 96 95 ° 86 74 99 8 98 A8 8z 98 77 . 99

100 8 91 83 S0 98 80 88 7 65 9§ 63 97

zoo 79 85 81 3 9% 13 N §5 49 91 51 24

Su f33 39 63 12 ® 4 26 32 24 44 23 &9

: tu 21 16 47 5 3% 2 14 17 12 25 13 25

Sand Equivalent 5 15 s 20 i 13 4 6 I S § 4

Liquid Limit ¥ 3 56 16 52 0§ 24 313 05N M 25 so

Plastic Limit . 20 25 26 16 22 36 17 19 224 18 15 28

Plasticity Index ®won I RP 30 15 T 14 7 22 10 22

R=valua (9 300 psi exud.) 20 13 8 M7 62 22 16 40 8 23 22

Revalue (by expansion)- - - - - - - - -~ <5 18 - -
AASHTO/Sof1 Group A=6  A=§ An7=5 A=Z<4 A=7=f A=7=5 A=4 A-§ A=4 A=T=5 A=d A~7=5
and Group Index (10) (100 (31) m (33} 03 (8 (1) () {22) (2} (28)

TABLE 2

Chemical Analysis qf Tested Soils
(Before Addition of Lime)

Sail Sample No, 1 2 3 L] 5 [} 7 8 9 1o n 12
PR*T by meter . 7.8 7.0 .7.8 1.8 85 6.2 6.3 7.7 8.0 8.2 8.2 8.2
Solubla Salts ppm*? 940 240 1080 314 980 36 §6 9540 550 8950 38 870
. ohmlcm3*2 2040 3850 1775 6100 2140 53200 37000 355 10900 228 2380 6550
Allul‘l PRY*2 229 73 84 1070 54 s n2n 29 4709 4 89
Ca0 ppm*2 429 168 408 185 B4¢ 336 150 1554 42 47 55 105
Ca0 pom*3 <800 2240 65400 <800 5600 980 2100 2700 78 76 59 146
804 ppR*2 nil nil 82 62 152 ni1 nfl 5304 nil 1782 il il
504 ppa {total Tecca) <6.1%. 193 <0.1% <0.1% S63 - 450 226 9475 1550 2875 1675 2400

*]1 50/50 proportions of soil and water
*2 Water solubia
*3 Acid solubie

TABLE 3
Mineral Cantent of Tasted Soils
. Soil Sample Mo. 1 2 3 4 5 [ 7 1] 9 10 n 12

Montmor{llonite
and Kixed Layer Clay 30-35 10 45 20 20 15 5-10 10-31% 10 20-25
Quartz 20 20-25 20 40 20-25 25- 30 15-20 25-30 2§ 20-25 20
Faldspar 10-15 25-35 10-15 20 20-
- huseovite ) 5-10
Chlarite 5 g =5 it 1
. Iron Oxide <§ io 5 5
. : Organic <5 T

—

[LX~] oS!

5-10 ‘5
<5

o Slag <5 .
. Amphibole <5 H 5 15 <5 10
. Serpantine : <§ <5

Kaolinfte 10
Calcite ) <5 <5 T <5 0 H 35
Plagioclase/Microcline 35 . 16-15 35-40 10-15
Degraded Biotite 5 <5 5«10 5
_Pyrite = <5

M it =i
-4 Iy

- Gibbsite . b 5-10
Yermiculite 5-10
Halloysite ’ . 20
. Tridymite 5
- . I1lite - 5-10
. . Gypsum . <5 5-10
Plagioclase Potash Feldspar . 30-40 40
Iran Sulfida <5
Amorphous X 5
Bolomite . 15 s
Zeolite L

12 .
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from each of the suppliers met the current requirements for
fineness, thus providing insufficient coarse material to

- prepare a "granular" hydrated 1ime sample. The quicklime
products from the three suppliers differed considerably in

. gradation. By scalping and adjusting the gradings of the
individual products, it was possible to combine equal
portions from each source to provide the coarse grade and
fine grade qu1ck11me samp]es desired.

After the study was underway, one of the lime supp11ers
introduced a very coarse granular quicklime product for
soil stabilization work. It was decided to include this
coarse product as a fourth Time in the study.

The gradings of the four limes are listed in Table 4.

The grading reported for the hydrated 1lime was determined
by ASTM Designation: C110 except that the wash time was
set at 15 minutes. The grading of the quicklimes was
determined by dry sieving in a mechanical 51eve shaker
for 10 minutes + 30 seconds.

TABLE 4
Sieve Analyses of Lime Products

Percent Passing

Sieve Sizef Fine Hydrate|Fine Quick Coarse Quick|-3/8 Quick
3/8" 100 100
No. 4 100 99 73
8 99 86 56
16 92 60 41
30 99.8 70 38 34
. : 50 41 13 22
100 26 4 7
200 88.5 16 3 2

13
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' "'Test Procedures’

Each of the soil samples was dried at a temperature not
exceeding 140°F (60°C) and processed to pass a No. 4
sieve(g). Representative portions of each soil were then
treated with 3, 5, and 7 percent of each of the four

11mes and compacted at opt1mum moisture into four inch

(102 mm) diameter by four inch (102 mm) high test specimens.
Optimum moisture was determined for each combination of

s0il and 1ime by establishing moisture-density curves using
the same compact1on procedure used to compact the test
specimens. ‘

The method of compaction is described in the tentative
California Test Method for "Unconfined Compressive Strength

of Lime Treated Soils and Aggregates" attached as Appendix

I. Compaction by this test method is accomplished with a
kneading compacfof operating at a foot pressure of 350 psi
(2413 kPa) followed by an increasing "static" load to a

total pressure of 350 psi (2413 kPa) applied by a testing

- press. The material is initially loaded into the compaction

mold in twenty equél jncrements with one 250 psi (1724 kPa)
load being applied by the compactor between each increment.

"The steel compaction mo1d“u§ed in this method is designed

to hoid a tin sleeve or liner in which the l1ime-soil test
specimen is compacted. Following compaction, the sleeve
containing the test specimen is removed from the mold.

The ends are covered with fitted, slip-on caps and wrapped
with tape to preVent moisture loss during the curing period.

This compaction procedure is preceded by "loose curing"

the 1ime-soil mixture in airtight containers for 16 to
24 hours after water has been added. This allows the

14
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initial flocculation and agg]omeratﬁon of the soil to
occur before the material is compacted. In the field
this Tloosa curing périod is norma]1y necessary to break
up clay clods and make the materiail workable,

Three techniques were used, individually or in combina-
tion, to cure the compacted test specimens. Some were
cured at room .temerature, normally 72°F (22°c), while

in the capped sleeves, It wWas assumed that this Curing
would be somewhat representative of the curing that would
Occur after the materiaj had been compacted on the roadway
and covered with subsequent layers of thae structural
sectfan, Curing times of 28, 180, and 360 days were

used to evaluate the rate at which the treated materials
gained strength. The actyal rate of strength gain for
materials placed in construction will of coarse vary as
the temperature of the material fluctuates with daily

and seasonal cycles, Curing was a]sq done at 110°F
(43°C) to accelerate the soil-lime reactions. Studjes

by others(ngg) have indicated that curing for seven days
at this temperatyre would be approximately equal to three

- months in the roadway. The third curing technique used

was a saturated sand bath. This was accompiished by
removing the compacted test specimen from the tin sleeve
and surrounding the sample with water-saturated sand. It
was felt that this eXposure to water would be similar to

of accelerated curing at 710°F (43°C). A summary of the
combinations of soil-1ime mixtures and curing times
applied to each material is Presentad in Table 5,

15
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" TRBLE 5

Summary of Lime—Soii Combinations
' and Curing Times

Lime Content - 3% 5% 7%
T10°F | 72°F | sand | 110°F | 72°F |Sand | 110°F | 72°F ) Sand
Curing @ (43°C){(22°¢)| Bath | (43°C)|(22°C)iBath (43°C)j(22°C)| Bath
Curing Time 28 ' 28
(days) 180 | 180
' 1360 | 360 360
7 7 7
5 +2 5 +2
7 +28 7 +28
7 4180 7 4180

‘The structural value of the various Jime-soil mixtures and
the effects of the different curing techniques were then
evaluated on the basis of the unconfined compressive strength
of the test specimens. A summary of the unconfined
compressive strengths of each soil when treated with the
different limes and cured by the several different

procedures is presentéd in Tables 6 through 17. These

data are also presented graphically in Figures 2 thropgh

13.
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DISCUSSION OF TEST DATA

The load bearing capacities of each soi] Were measured by
the Resistance "R" Vaiye Test(2) prior to treatment and

then after treatment with different quantities of lime.

The R-value of the untreated soils varied from_less than

5 to in excess of 80. Despite the broad differences in
physical properties, chemica] contents, and mineral
contents, each of the soils responded favorably to lime
treatment according to the R-value test results. The

data Tisted in Table 18 shows that ten of the soils achieved
exudation R-values of 80 or higher when treated with only

3 percent hydrated lime. One soil, No. §5, required 5 percent
1ime to achieve an R-value greater than 80 while Soil No.

10 was the only material included in this study which never
achieved an R-valua of 80 even when treated with 7 percent
lime. Based on R-value by exudation, each of the soils

except No. 10 met the R-valye requirements for aggregate
base. '

TABLE 18
. Effects of Lime Treatment aon Re¥alye
: Sail e,
i 2 3 ] 5 7 [} g 12 11 12
Untreated Sofl
R=value by exudation 20 14 8 74 7 62 22 16 40 8 23 22
R-value by expansion 48 38 24 80+ 8o+ 68§ 40+ g9+ <5 18 80+ 30+
Lime Treated Soil
R-value by exudation with
3% 1ime 87 82 86 84 76 80 85 86 82 . a8 a0 88
5% lime as a7 82 a4 85 a8 83 a8 a3 74 8a 87
- 14 Tine 35 ::1 84 84 -— - - - -- n - -
R+value by expansion with
3% lime . 80+ 30+ 80+ aa+ 80+ 76 80+ 74 80+ 55 80+ 80+
5% lime 80+ Bo+ 80+ 80+ 30+ ag+ an+ 75 a0+ 56 80+ a0+

72 Vime ' 80+ B0+ 30+ 80+ .- - - - -~ 55. - -

When R-value was determined by expansion pressure, Soil
No. 10 again failed to achieve an R-value of 80. As can
be observed in Table 18, the R-valye by expansion was
raised from 18 to 55 with 3 percent lime, but additional
lime had no further effect on the test resylts. This
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"?amplefﬁbﬁéafé'td“be different from the others in that it

had a dolomite content of 15% and a high alkali content.
Soils 6 and 8 also failed to achieve an expansion R-value
of 80 when treated with 3 percent lime. Both materials
had values close to 80, however, and an additional 2
percent Time was sufficient to raise the value of soil

- No. & to more than 80.

It is therefore concluded that the majority of soils will
achieve an R-value of 80 or more when tested with a

sufficient amount of 1ime. Based on current California
design procedures (R-value), each of these materials with
the exceﬁtion of soil No. 10 would be considered equal
regarding its contribution to the strength and performance
of a highway structural section after having been treated
with sufficient Time to produce an R-value of at least 80.

On the other hand, the unconfined compressive strength _
data recorded in Tables 6 through 17 and Figures 2 through
13 emphasize the broad differences in cementing action
which occurred with these lime treated materials. When
treated with 7 percent hydrated lime, for example, the
unconfined compfessive strengths varied from approximately
150 psi- (1034 kPa) to over 1000 psi (6895 kPa). The use

of different quantities and different types of lime

brought about even broader ranges in strength., Nine of

the soils deve1opéd compressive strengths of over 1000

psi (6895 kPa) under certain conditions. Soil 4, however,
failed to develop a strength greater than 264 psi (1724
kPa) regardless of the amount of lime, type of lime, or the
method or time of curing. Soils 1, 6 and 7 eventually
achieve strengths of approximately 500 psi (3447 kPa} when
treated with 7 pércent lime and/or cured for long periods
of time. Quite obviously, these materials would not all
contribute equally to the strength,'flexibility, and
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performance of a s%ructura? section. In addition, it was
concluded in an earlier study(5) that the alteration of

soil characteristics, which causes the fmprovement in
R-value, may not be permanent if the Secondary cementing
reaction does not occur, Thus, the R~value test by itself
may lead to inadequate structural section design if, in
fact, the 1ime treated material-fai1s to retain the improved
stability that was initially achieved, A1l available
information indicates, however, that the 1ime-soq] reaction
is not reversible if a good cementing reaction occurs

initially. This doeas not preclude the Possibility that

- the cemented material may be broken up under traffic

dueé to insufficient strength for the applied loading.
Because of the questionable value of the R-value test to
Properly evaluate lime tréated soils on the one hand,
and the ability on the other hand ' of the unconfined
compressive strength test to differentiate between
ultimate slab strengths of cemented materials, it ig
believed that the unconfined compressive strength is a

‘more appropriate method of evaluating lime treated soils.

Very 1ittle correlation could be found between the unconfined
compressive strengths of the treated soils and any of the

Physical, chemical or mineral properties of the soils

listed in Tables 1, 2, and 3., Soi] No. 4, which had the
Towest unconfined Strength of any of the materials tested,

- Was a silty sand and was the only material that was non-

plastic prior to treatment with lime. It was also void

of measurable clays and contained Some organic material
which might explain the apparent lack of chemical
alteration. The obvious reason for the Tow strengths with
this material was the lack of pozzolans necessary for the
Cementing action which are normally found in clays. It
should be possible to "sort out" soils that would not be
Tikely to respond to lime treatment on this basis., Soi}
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No. 6, which had the sacond lowest strength when treated
with hydrated 1ime, contained about 45 percent clay but
none of the montmoril]onite or mixed layer type.

The recorded data alsoc make it very evident that the
resulting unconfined compressive strength is affected
not only by the characteristics of the soil, but also
by the characteristics and amount of lime and by the

. | curing procedures., The effects of these variables will
be discﬂssed.individually‘in the following pages.
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"Effect of Lime Type on Reaction with Soil

There is no apparent consistent relationship between the
type and grading of lime and the strengths that were
developed when treating different soiis. 1In many cases,
the quicklime products brought about higher strengths

than the hydrated 1ime. This should be expected since
quicklime has approximately one-third more available
calcium oxide than an equal amount, by weight, of hydrated
lTime. In other cases, however, the strengths developed by
adding equal amounts of hydrated lime were comparable to
the strengths achieved with quicklime. In many instances,
this probably occurred because the maximum amount of lime
which could react with the soil had been exceeded and any
additional calcium oxide, whether in the form of a more
concentrated lime or simply a higher percentage of 1ime,
had 1ittle or no significant effect on the reaction. The
average strengths of all the test soils are plotted in
Figure 14. It is obvious in this graph that the quickl ime
provides more benefit than hydrated lime at 3% but at 7%
there is no significant difference in strength ragardiess
of the type of Time.

A few materials developed greater strength when treated

with hydrated 1ime than when treated with some of the
quicklimes. Soil No. 9, for example, developed a strength
of nearly 2,000 psi (13,790 kPa) when treated with 7 percent
hydrated lime. The highest strength developed by treating
this soil with any of the quicklimes was less than 1400 psi
(9653 kPa). Soil No. 8 is another example of consistently
higher strengths when treated with 7 percent hydrated 1ime.
Both of these soils responded better to the quicklimes than
the hydrated 1ime when only 3 percent lime was added.
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‘The grading of the qufck]ime also had some affect on the

reaction with the soil. But again the relative reaction
of the 3 quicklimes was not consistent with each of the
soils., Some soils developed greater strengths when
treated with finely ground quicklime while other soils
developed greater strengths with the granular quicklime.

There may be more than one factor contributing to this
phenomenon, but the density of the compacted test sample
appears to be related. The average test sample dry
density for soil No. 9 was 2 to 3 percent greater when

7 percent hydrated Time was used than when 7 percent
quicklime was used. When 3 percent Time was used with
this same soil, the Iowef strengths with the hydrated

lime were accompanied by lower densities of the test
samples. With soils where there was a significant and
consistent difference in strength with certain quicklimes,
it was also obsarved that there was a correlation with the
compacted densities of the test samples. It is possible
that the granularity of the quicklime and the rate at
which it hydrates affects the initial flocculation and
agglomeration of the soil. This in turn may influence

the density and compactability of the test sample.

Another possible contributing factor to the higher strength
when hydrated Time was used is the reaction rate of the
various soiis with the different limes. Studies by aothers(4)
have shown that increased quantities of lime may require
longer curing periods-to achieve ultimate strength., This

is due, at least partially, to the fact that cementing

does not occur until the pH of the lime-soil mixture

begins to drop. An increased free lime content, whether
the result of a higher percentage of hydrated lime or

the increased concentration of available calcium oxide

~in quicklime, will result in a 1onger delay before the

pH of the m1xture beg1ns to drop.
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It is concluded from these data that each lime-soil

_cdmbination must be evaluated individually. The reaction

and resulting strength of a lime treated soil cannot be
reliably estimated from the strengths which develop when

the same soil is treated with a different lime product.
Soils which respond favorably to 1ime treatment, however,
‘will normally achieve higher ultimate strengths as the

lime content is increased so long as additional pozzolans

~are available in tha soil.

Effact of Curing Procedure on'Sfrength

"The rate at which the cementing reaction occurs and the

length of time required to achieve a given strength varied

with each combination of soil and lime. For some materials,

such as Soil No. 3 when treated with 3 pércent lime, the
reaction is apparently completed within a very short
period of time. The measured strength is essentially the
same ragardless of the method or length of curing.
Several other soils, when treated with an equal amount

of 1ime, continued to gain strength at a relatively

rapid rate over a long period of time. Some materials
gained strength rapidiy during the first six months

of curing with only minor increases in strength thereafter,
but Soil No. 1 gained more strength during the second

six months of curing than during the first six months,

The ralative rate of reaction also varies considerably
with different concentrations of 1ime in the same soil.
Soil No. 3, for example, continued to gain significant
strength over an extended period of time when treated
with 7 percent 1lime. The length of the curing period,
however, had very little effect on this soil when treated
with 3% lime. Soil No. 4, on the other hand, failed to
respond to the extended curing periods regardiess of the
amount of lime added (perhaps for reasons previously
discussed). '
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“*Curves are plotted in FTgure 15 to show the unconfined

compressive strengths of the test specimens treated with

. hydrated lime as the curing time at 72°F (22°C) was

increased from 28 to 360 days. The strengths achieved:

by curing replicate samples for 7 days at 110°F (43°C)

are also plotted for comparison., It is obvious from

these data that there is no consistant correlation between

‘the strengths of the sampies cured by the accelerated

procedure and those cured for long periods of time at

room temperature. This is apparantly due to the differences
in rate of strength gain and differences in the time
required to achieve a substantial portion of the "ultimate
strength for each combination of lime content and soil.

The accelerated curing procedure does, however, provide

a fair indication of the strengths that can be expected
after approximately two to three months of curing at

72°F (22°C). This strength is probably adequate for

~design purposes since. any changes from this initial strength

should be an increase. Also, most construction would
probably be done during the summer months so that the
material placed on the roadway would gain strength more
rapidly than the samples cured at 72°F (22°C). Thus, in
summer months the 7 day acce]erated cure strength would
tend to be conservative.

No apparent advantage was realized by the short term sand
bath curing procedure for evaluating the lime/soil reaction.

It had been anticipated that exposure of the test samples

to free water in the sand bath would cause poorly cemented

materials to soften and lose strength. This study showed,
however, that sampiles which had been cured for 5 days at
110°F (43°C) and then subjected to 2 additional days

in the sand bath generally had unconfined compressive
strengths equal to between 60 and 90 percent of the
strengths developed after 7 days at 110°F (43°c).

Assum1ng that the strength gained during this early period
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of curing is somewhat proportional to the Iength‘of‘the
curing period, then the strength at 5 days could not be
expected to be more than approximately 70 percent of the
strength at 7 days (all at 110°F (43°C)). During the

time in the sand bath, the gain in strength would be much
slower baecause of the lower temperature (72°F). It is
concliuded, then, that the Tower strengths of the samples
exposed to the sand bath for two days was due in part to

the reduced length of time that the material was suﬁjected
to the 110°F (43°C) temperature. .As a result of this and
the effects of other variables, the actual 1oss of strength
due to softening of the cemented material could not be
avaluated by the two day sand bath exposure. However, when
the sand bath exposure was extended to six months, following
an initial cure of 7 days at 110°F (43°C), some effect could
be measured . As can be seen in Figure 16, only two of the

~ treated materials gained appreciable strength during the

six months in the sand bath when 3 percent hydrated lime was
used., The remainder either lost strength or the difference
in strength was too small to be significant.

When the soils were treated with 7 percent hydrated lime,
eight achieved significantly higher strengths dqring the sand
bath exposure while the other four either maintained their
initial strength or lost strength. Three of these four

had very low strengths even before exposure in the sand
bath. The fourth, Soil No. 12, apparantly gained the

major portion of its ultimate strength during the initial
curing period so that there was no additional cementing to
occur during the extended curing period. It should be
noted that when quicklime was added to Soil No. 12, the
strength was not as great after the initial cure but

there was a significant increase in strength during the
sand bath exposure. Over all, it appears that 1lime-treated
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" s0ils which develop unconfined compressive strangths in

excess of 400 psi (2758 kPa) when cured for 7 days at
110°F (43°C) generally will not soften and lose strength
when exposed to free water.

Application of Lime Treatment to Structural Section Design

The current California highway structural section design
procedure applies a gravel equivalent factor of 1.2 to all

lime treated materials. The large differences in unconfined

compressive strength developed by the various soils treated
with lime in this study strongly suggests, however, that
the same gravel factor should not be autom